Microwave heating technology has been widely used in both domestic and industrial applications. Temperature control technique is significant in improving the performance of microwave heating. A generalized numerical thermodynamics model associating with the temperature-dependent thermal and physical properties of material for the microwave heating process is proposed in this paper. Experimental data is applied to estimate the microwave power coefficients. Two controllers, sliding mode controller (SMC) and proportional-integral-differential (PID) controller, are presented as the easily implementable and efficient on-line controllers to track the desired temperature profile while acting on the microwave power and the heated material's temperature. The effectiveness of the proposed thermodynamics numerical model is verified by simulations and experiments, which shows that SMC controller has better dynamic control performance than PID controller.
Introduction
Microwave (MW) is a novel, green and efficient energy source, which finds both domestic and industrial applications for thermal purposes such as cooking and sterilization of food materials (Motasemi and Ani, 2012; Lakshmi et al., 2007; Novotny et al., 2013) , assisting chemical reaction (Spigno and De Faveri, 2009; Svensen et al., 2008) and sintering of ceramics (Chandrasekaran et al., 2012) . Thermal run-away and the non-uniformity of heating are the particular phenomena that constitute the major challenges to the industrial development of microwave heating process (Akkari et al., 2005) . These drawbacks are mainly due to the dielectric properties of materials and the non-uniformity of the electric field in the microwave heating cavity. In order to describe and predict the temperature distribution, many scientists focus on modelling the material in the microwave heating process. The models are useful for predicting hot spots and the temperature distribution of material.
Generally, two main approaches, Maxwell's equations and Lambert's law, are widely engaged in modelling heat transfer of material irradiated by microwaves (Durairaj et al., 2009; Pitchai et al., 2012; Chatterjee et al., 2007) . Wei et al. (2012) formulated a heat transfer model by Maxwell's equations coupled with nonlinear heat conduction. Marra et al. (2010) proposed a heat transfer model with a solution of the Maxwell's equation in a thin food substrate. However, this kind of model is only used to calculate the temperature distribution under the specific assumptions, and the processing is of massive calculation and the commercial softwares, i.e., CST T M (Monzó-Cabrera et al., 2009 ) and COMSOL (Salvi et al., 2011) are needed. Lambert's law is the simplification of the Maxwell's equations to describe the electric field distribution. Thus, Farag et al. (2012) predicted a temperature profile of a selected material heated by microwaves via the Lambert's law. Yang and Gunasekaran (2004) proved that the model based on the Lambert's law has the same accuracy as the Maxwell's equations. Although the Lambert's law solves problems quickly, it only fit the case of describing the electric field distribution in the incident direction of microwaves (Campanone et al., 2005) . Moreover, an important limitation of the Lambert's law for microwave propagation is that the thickness of the material is large enough and the reflected microwave power at the far end of the material is negligible. In turn, several researchers have chosen a "grey-box" numerical model dedicated to describing microwave heating process. A "grey-box" model is semi-empirical model with a priori knowledge about heat transfer. Akkari et al. (2005) proposed a non-linear "grey-box" model to handle the temperature distribution of the material in the microwave heating process. A dimensionless absorptivity function substituting Maxwell's equations or Lambert's law is used to describe the electromagnetic flux variation and calculate the temperature distribution. This method can be used to design a controller for the microwave heating process under some assumptions. However, the dimensionless absorptivity function can not be applied to more general conditions. Generally, microwave power and temperature of material are two variables that should be controlled to follow desired temperature profile and improve the performance of microwave heating. Material absorbs microwave power quickly without any thermal inertia which provides the possibility to achieve a fine control of the microwave heating process. The complexity of the control technologies in microwave heating process is reflected by the existence of process heavy nonlinearities, strong coupling of temperature and large time variations in product's thermal, physics and dielectric properties.
In the typical applications of microwave heating, a fixed microwave power is utilized throughout the entire microwave heating process without any control actions (Li et al., 2010a; Cheng et al., 2006) . This strategy could lead to an unwanted phenomenon of thermal runaway resulted from hot spots on the product. Although thermal runaway can not be precisely controlled, it can be avoided by using good control approach. To avoid this issue, approaches concerning on controlling microwave power are proposed, such as ON/OFF control (Gunasekaran and Yang, 2007) , bang-bang control (Yuan et al., 2014) , linear power control and three-step power control (Li et al., 2010b) . Unfortunately, those approaches are usually applied in an open-loop way, which could still cause thermal runaway (Kisselmina et al., 2013) . Thus, the closed-loop control strategy that focuses on the temperature adaptation is performed by other researchers. One important objective in microwave heating is to control the surface temperature to follow the predetermined temperature profile and to prevent the temperature from reaching the forbidden values. A control strategy based on the heat transfer model is a useful tool that can avoid thermal runaway in the microwave heating. Huang and Joseph (2007) employed the traditional proportional-integral-differential (PID) control to achieve the temperature control with a little overshoot. Sanchez et al. (2000) proposed a simple adaptive internal model control (IMC), which achieves better control performance by comparison with PID. Akkari et al. (2009) presented a global linearizing control (GLC) based on a "grey-box" model, however it is too complicated and an undershoot is obvious in the middle stage of the microwave heating process.
The objectives of this paper are: (I) To develop a simple but accurate generalized mathematical model for the microwave heating process. A set of microwave power coefficient is proposed to describe the term of heat source in the energy balance equation. The model takes into account the temperature-dependent thermal and physical properties of product.
(II) To build a new microwave heating system in which two variables, microwave power and temperature of material can be regulated continuously and automatically. SMC is used in the system, which has the properties of simplification and robustness. A traditional PID controller is engaged to test the control performance of the microwave heating system.
(III) To experimentally estimate the microwave power coefficients. Several experiments are conducted to verify the effectiveness of numerical predictions of temperature in the microwave heating process.
(IV) To compare the stability and dynamic control performance of the microwave heating system of PID and SMC control strategies in simulation and experiment, respectively.
Theoretical investigations
Microwave heating is caused by the ability of material to absorb microwave energy and convert it to heat. Dielectric property is one of the important properties that have big influence on heating effect. A mathematical model based on a microscopic energy balance can be used to predict temperatures during microwave heating process.
Dielectric properties
The relative complex permittivity ε * r indicates the ability of a dielectric material to absorb microwaves and store (Wang et al., 2013) :
where α and β are the constants of Cole-Cole equation and Cole-Davidson equation, respectively, and σ is the electrical conductivity of the aqueous solutions which is positively correlated with the increment of the salt content.
Thermodynamics model of microwave heating process
To describe heat transfer of the heated material in the microwave heating process, the heat conduction equation based on the energy balance and Fourier's law of sample's heat conduction as a function of space and time is
where Q is the internal volumetric heat generation of electromagnetic power dissipated that is
where ε ′′ r is the relative dielectric loss that is
where ε ′′ is the dielectric loss that signifies the ability of the sample to convert absorbed microwaves to heat. If the sample has temperature dependent dielectric characteristics, the incident microwave power should be temperature dependent. If energy is transferred from the sample boundaries to the ambience only by convection, the boundary condition can be given by
In terms of microwave power absorbed by samples, (2) can be rewritten as
For a microwave cavity heating process shown in Fig. 1 , four assumptions are made to characterize the temperature distribution within the product:
(I) The initial temperature within the heated material is uniform.
(II) The thermal and dielectric properties are temperature-dependent.
(III) The volume change and mass transfer are negligible during the heating process.
(IV) Uniform electric field distribution is considered in xOy.
The one-dimension temperature distribution of the heated product is considered in this paper, and then the energy balance equation can be simplified as:
where
is the z-axial of the product. The initial and boundary conditions are
The energy balance equation can be changed to a finite dimensional problem via 1-dimension (1D) finite volumes scheme (Akkari et al., 2005) . The number of volumes is denoted as m in the direction (Oz). We denote the i-th volume as V i (0 ≤ i ≤ m), which is equal to S × δz, where S is the cross-sectional area and δz = L z m . To predict the temperature profiles during the heating process, the energy balance must be replaced in the microscopic balance form. The energy equation for the first volume is obtained as
For the internal volumes of the heated material, it can be calculated as
For the last volume, it becomes
where T (i, t) and P ab (i, t) are the temperature and absorbed microwave power of each volume (0
) is the thermal conductivity, which can be regarded as a function of temperature on each grid volume (Akkari et al., 2005) . For a microwave heating process, the whole microwave power is absorbed by all the volumes. And the maximum temperature during the heating process is limited. Thus two constraints are written as (I) Maximum power absorbed by the heated material
where P out (t) is output microwave power generated by the microwave power source of the microwave heating system at time t (t ≥ 0). Further, (12) can be rewritten as
where P ab (i, t) := α(i, t)P out (t) is defined to represent the absorbed microwave power, α(i, t) is defined as the microwave power coefficient and 
MW-power
where T set max (t) is the maximum set-point of the temperature at time t (t ≥ 0). In general, T set max (t) can be seemed as a constant, namely, T set max (t) = T set max .
Controller Design
Sliding mode control is an effective nonlinear robust control strategy, which provides system dynamics with an invariance property to uncertainties once the system dynamics are controlled in the sliding mode (Wang 2012) . This section presents the state space representation of the microwave heating model and designs the SMC controller and the PID controller for microwave heating process.
State space representation
Only the temperature of the superficial volume is considered as the system output variable to track the reference signals. Thus, the general nonlinear state space representation of the microwave heating process that deduced from (9) to (11) is
where the system state vector is
The superficial temperature is chosen as the system output variable. In some industrial projects, it is significant that perfect performance of product consists in tracking the desired temperature profiles for the superficial temperature (Ruben et al., 2006) . The main issue in this paper is to present a control solution forcing the superficial temperature to perfectly track a predetermined temperature profile. The system output vector is
The ambient temperature and incident microwave power density are chosen as the system control variables, the system input vector is
The system matrices are
where g (T (i, t)) and l (T (i, t)) are defined as
The MIMO (Multiple-input multiple-output) time-varying system can be simplified to a SISO (Single input single output) time-varying system, if the ambient temperature can be reasonably selected as a constant, i.e., T a (t) = T a .
Sliding mode controller
SMC has been successfully applied to diverse practical engineering systems as an efficient robust controller for complex nonlinear dynamic plants operating with uncertainties (Hoon et al., 2007) . The low sensitivity to plant parameter variations and disturbances is the major advantage of SMC. SMC has been widely studied and implemented to different applications in process control, robotics, vehicle control (Ouyang et al., 2014) . Thus, SMC is introduced as a solution to control the microwave heating system in this paper. For the presented state space representation in the last subsection, the high-order linear sliding mode variable structure control system is usually given as:
To design the SMC controller, the parameter of the sliding function is firstly defined as
The expected temperature of the upper surface of the heating sample (x 0 ) is defined as T r . The difference between the expected value and the reference model can be regarded as an error
where 
To adhere to the required sliding condition, a control law based on the proportion switching approach is presented as
where ξ and ψ are the sliding mode control parameters. It is obviously that the relative degree of the mathematical model (15) is 1. Thus, to avoid chattering, a quasi sliding mode controller is proposed and a saturation function sat(s) is defined to substitute the sign function sgn(s), i.e.,
where boundary layer ∆ is defined as the tolerable error spectrum. For a microwave heating system, the incident microwave power density P out is a bounded value, i.e.,
where P max is the maximum microwave power density that is generated by microwave heating system.
PID controller
PID control strategy is by far the most widely-used control method in the industrial process control applications (Wang et al., 2000; Biao et al., 2012) . In order to validate the control performance of the SMC controller, a PID controller with the velocity form in discrete time is used to regulate the microwave power in this paper, which can be described as 
Parameters estimation and validation
In the microwave cavity heating system, because of the multimode characteristics of electromagnetic field in the cavity, it is impossible to achieve the accurate analytical model of the electromagnetic distribution. This paper focuses on an experimental method to estimate the microwave power coefficient and formulate the approximate model of the microwave heating process. Only the temperature differentia at the vertical direction is considered.
Microwave heating system
The experimental apparatus for the microwave heating system is shown in Fig. 2 . The details of this microwave power system is shown in our earlier work (Yuan et al., 2014) . The multimode cavity is operating at a microwave frequency of 2.45 GHz. Microwave is generated from magnetron (2M244-M1, Panasonic, Japan), and the output microwave power can be regulated from 0 W to 1000 W automatically and continuously. Microwave is transmitted along the rectangular waveguide and the circulator. Four fiber optical thermometers (FTS-I201, Optsensor, China) are inserted in the material for temperature measuring at positions of 10 mm (red), 40 mm (green), 70 mm (blue), 100 mm (magenta) from the top surface of the sample, respectively (Fig. 3) . The incident and reflected microwave power are detected by two microwave power meters. All of the measurements are transferred to a personal computer (PC) for recording and control purposes. The output properties of microwave power that generated by the microwave heating system can be regarded as saturation by the existence of heavy nonlinearities, which is shown in Fig. 4 . While the microwave power set point is less than 440 W (Yuan et al., 2014) , the actual output microwave power is 0 W. 
Microwave power coefficients
Four experiments are carried out to estimate the microwave power coefficients under the same experimental condition. 2 L of de-ionized (DI) water in the beaker is irradiated by the microwave power of 600 W. Four fiber optical sensors are used to measure the temperature at different positions. The original experimental data is directly used for coefficient estimation and computation directly, but adverse influences are found of the estimation precision (Zhou et al., 2009 ). Thus, a median digital filtering method is engaged to preprocess the original data in this paper. The temperature measurements of the first microwave heating experiment after the median filter are represented in Fig. 5 . The thermal and physical properties of DI water are shown in Table 1 . The discrete-time calculation of temperature of the material is 
where N = 0, 1, · · · represents the state at the time t (t = Nt d ) from (9) to (11). Eq. (30) is solved with the temperature measurements in Matlab, and the average values of the microwave power coefficients of each experiment are shown in Table 2 . The total average values of the microwave power coefficients are chosen as
The microwave power coefficients decrease from the upper surface to the bottom. It means that the microwave power of the top of the sample is the highest and the bottom of the sample is irradiated with the lowest microwave power, which is mainly caused by the following reasons: (I) The sample is heated in a multi-mode microwave cavity that the microwaves will fill the cavity, although the microwave waveguide is placed in the horizontal position. Thus, the microwave penetrates the sample from both the upper surface and the side.
(II) The media interface between the upper surface and the air, and that between the side and the glass are different. The former is "sample-space" lossy media interface, only one time of microwave reflection occurs. For the latter one, the sample is placed in a glass beaker, two media interfaces are existed: the "space-beaker" media interface and the "beakersample" media interface. The dielectric constant of beaker is small and doesn't match the impedance of the cavity, which would cause huge reflection. Thus, two microwave reflections exist on the side of the heated sample.
Model validation
The heated sample is divided to 4 volumes in the vertical direction to test the thermodynamics model based on the microwave power coefficients. Three experiments are studied in this paper to test the thermodynamics model. Figures 6 -8 show the experimental and the numerical model results for microwave powers of 600 W, 700 W and 900 W, respectively. The microwave heating experiments are stopped when the temperature of the first volume rises to 50
• C.
As observed, model presented in this paper predicts the temperature profile of DI water correctly. Volume 0 has the highest temperature, which implies it absorbs most of the microwaves and the reason is that it has the same horizontal position with the waveguide. For a fixed time interval, the rates of temperature rise (RTR) of the volume 1, volume 2 and volume 3 are nearly the same. The more microwaves absorbed by volume 0 absorbs, the less volume 1, volume 2 and volume 3. In Fig. 6 , the model predicts the temperatures of four volumes with high accuracy while the sample is irradiated by 600 W, with average percentage relative errors (APREs) of 0.42 %, 0.72 %, 0.40 % and 0.66 %, respectively. APREs between the numerical model and experimental data of 700 W are 1.03 %, 0.91 %, 1.15 % and 1.29 % that is shown in Fig. 7 . While increasing the microwave power to 900 W, the APREs are 1.32 %, 1.20 %, 1.10 % and 0.98 %, which are illustrated in Fig. 8 .
Simulations and experiments
In this section, simulations and experiments on two control strategies, SMC control strategy and PID control strategy, for DI water heating process are systematically introduced, and the experiments results are compared with the simulation results. The saturation property of the microwave heating system is considered in both simulations and experiments.
Simulations
Firstly, the simulations of PID and SMC control strategy are designed. The software applied for simulation is MAT LAB (MathWorks Inc., Natick, MA) (H. W. Yang and Gunasekaran 2004) .
Strategy 1: PID control strategy
This section investigates the control performance of PID control strategy by simulation. The PID parameters are selected as K p = 2200, K i = 500, K d = 80 and the maximum microwave output power is P max = 1000 W. A two-stage ramp tracking function is engaged as the set point of the temperature profile for the first volume:
where R = 0.09 is rate of temperature rise (RTR), T ini = 25.4
• C is the initial temperature of the first volume, and
• C is the maximum temperature. Figure 9 illustrates the simulation evolution of the PID control strategy. The microwave heating process can be regarded as two stages: in stage 1, the temperature of the first volume correctly follows the expected temperature; in stage 2, the temperature keeps constant (50 • C), while a slight temperature fluctuation occurs at the beginning. The temperature response of the first volume smoothly tracks the expected temperature during the two stages, and the temperature variation is less than 1 • C. A slight overshoot of temperature response in the evolution corresponds to the escape of the set point. The temperatures of the other volumes rise with that of the first volume during the microwave heating process. The incident microwave power rises quickly to the maximum temperature in stage 1, and a small incident microwave power is demanded in stage 2 to prevent the temperature of the first volume from falling below the desired value.
Strategy 2: SMC control strategy
The control performance of SMC control strategy is presented in this subsection. The SMC parameters are selected as ξ=750, ψ=25 and the maximum microwave output power is P max = 1000W. The expected temperature is also chosen as (32). The boundary layer is selected as ∆ = 1.5. The result of the According to Fig. 10(a) , an error of less than 1
• C is found in stage 1, where a slight undershoot is shown in the first temperature rising stage. In stage 2, the temperature of the first volume keeps steady around the expected constant value of 50 • C. The microwave power rise rate in the first stage of SMC control strategy is less than that of PID strategy.
Because of the boundary layer, there is no oscillatory behavior and overshoot of the designed SMC control strategy in stage 2. The control performance of the SMC control strategy is as good as the PID control strategy in simulation.
Experiments
Secondly, two microwave heating experiments based on PID and SMC are carried out using the microwave heating system (Fig. 11) , respectively. 2 L of de-ionized (DI) water is engaged as the experimental sample to be heated in the microwave cavity. PC calculates the microwave power set point for the microwave heating system. The control strategies are realized by C# (Microsoft Visual Studio 2008).
Strategy 1: PID control strategy
The DI water is heated from the initial temperature (25 • C) to 50
• C, and a ramp-type set point is presented as the expected temperature for the first volume to track. The control performance of the PID control strategy is shown in Fig. 12 . It can be seen that before the temperature begins to rise there is a big time delay of 27 s, during which the microwave is not generated by the magnetron. This is the warm up time for the microwave heating system. It can be noticed that an undershoot phenomenon appears at stage 1 of the microwave heating process, and the largest undershoot is -2.9
• C at time t = 32 s. And it is obviously that an overshoot of 4.8 % can be found at the beginning of stage 2. Because of the heat conduction with the ambient and volume 1, the temperature of volume 0 falls to the set point.
No output microwave power is generated while the microwave power set point is less than the microwave power threshold (440 W). This direct consequence in Fig. 12 (b) is caused by the saturation property that is mentioned in the microwave heating system. 5.2.2. Strategy 2: SMC control strategy Figure 13 illustrates the heating process using the SMC control strategy designed in this paper. Obviously, the errors between the temperature of volume 0 and the expected temperature is less than that of PID. The temperature tracking performance of SMC in stage 1 is achieved without undershoot, which is better than the PID control strategy. It can be found that there is no overshoot in the second stage. A steady-state error of 0.6
• C can be found in stage 2, but it is less than the boundary layer (∆). Thus, the tracking performance of SMC is better than PID for the microwave heating process. Moreover, it can be found that the temperature differences of volume 1 between simulations and experiments can be attributed to other factors, such as the positions of the optimal fiber sensors and fluctuations of air temperature.
Conclusions
In this paper, a generalized thermodynamics numerical model for the microwave heating process is proposed that takes into account the temperature-dependent thermal and physical properties of material. A set of microwave power coefficient is employed to describe the electric field distribution in the heated material. The experiments on the thermodynamics model demonstrate that the proposed model can accurately describe the microwave heating process. Further, two real-time control strategies, SMC and PID, are designed and implemented to control the microwave power and tem-1 2 3 4 5 6 perature of material continuously and automatically. Finally, the effectiveness of the two control strategies are verified by simulations and experiments, which additionally shows that SMC has better control performance than PID.
Our future work will focus on the dielectric properties of the heated material in the microwave heating system. A model based on the dielectric properties that can be used to design the controller should be investigated. A feedforward controller combined with the feedback controller should also be considered to make the microwave heating process safer and more efficient.
